Self-renewal and lineage regulation of neural stem cells in the adult mammalian brain (aNSCs) are still far from been understood. Although previous studies have reported that some aNSCs in neurogenic niches showed irregular nuclei, their functional significance remains elusive. We used neural crest-derived human periodontal ligament stem cells (hPDLSCs) as an in vitro cell-model of neurogenesis to investigate the functional significance of nuclear polymorphisms. Here, we show that hPDLSCs-derived neurons are not directly generated through cell division from stem cells. In fact, the cell shape of neural precursors is reset and start their neuronal development as round spheres. the hPDLSCs-derived neurons gradually adopted a complex morphology by forming several processes, that grew and arborized, adquiring dendritic-like and axonal-like identities, giving rise to a variety of neuron-like morphologies. To our knowledge, this article provides the first observation of these morphological events during in vitro neurogenesis and neuron polarization in human aNCSCs, and we have discovered a transient cell nuclei lobulation coincident to in vitro neurogenesis, without being related to cell proliferation. Morphological analysis also reveals that the V-SVZ of the anterolateral ventricle wall and the SGZ of the hippocampal dentate gyrus in the adult mouse brain contains cells with nuclear shapes highly similar to those observed during in vitro neurogenesis from hPDLSCs. Our results provide strong evidence that neuronal differentiation from aNSCs may also occur during in vivo adult mammalian neurogenesis without being related to cell proliferation. In addition, we demonstrate that hPDLSCderived neurons and primary neuronal cultures derived from rodent brains show similar polarity formation patterns during neurogenesis, providing strong evidence that it is possible to reproduce neurogenic processes and obtain human neurons from hPDLSCs. Thus, hPDLSCs could be used as an in vitro human cell-based model for neurogenesis and neuronal polarization.
Introduction
Neural stem cells (NSCs) are multipotent populations of undifferentiated cells present both during development and in the adult central nervous system that give rise to new neurons and glia (Conti and Cattaneo., 2010) . The self-renewal and multipotent properties demonstrated by NSC in vitro (Reynolds and Weiss., 1992) have not been clearly demonstrated in vivo. (Gabay et al., 2003; Suh et al., 2007; Conti and Cattaneo., 2010; Bond et al., 2015) .
The presence of neural stem cells in the adult mammalian brain (aNSCs) have been described in two neurogenic niches, the ventricular-subventricular zone (V-SVZ) of the anterolateral ventricle wall (Doetsch et al., 1997; Doetsch et al., 1999) and the subgranular zone (SGZ) of the hippocampal dentate gyrus (Seri et al., 1999; Seri et al., 2001; Filippov et al., 2003; Fukuda et al., 2003) .
The study of the cell composition of neurogenic niches and the use of methods for detecting proliferating cells, suggest that neurogenesis occurs progressively through sequential phases of proliferation and the neuronal differentiation of aNSCS. In the V-SVZ, putative aNSCs (type B cells) divide to give rise to intermediate progenitor cells (type C cells), which in turn generate polarized neuroblasts (type A cells). The neuroblast then migrate into the olfactory bulb and differentiate into distinct types of neurons. In the SGZ, putative aNSCs (type 1 cells) divide to give rise to intermediate progenitor cells (type-2 cells) which exibit limited rounds of proliferation before generating polarized neuroblast (type-3 cells). Neuroblast, as polarized cells, then migrate, guided by the leading process, along SGZ and differentiate into dentate granule neurons (Fuentealba., 2012; Bond et al., 2015) .
Ultrastructure and immunocytochemistry studies show that the V-SVZ stem cell niche contains cells with irregular (polymorphic) nuclei. Type-B cells have irregular nuclei that frecuently contain invaginations. Type-C cells nuclei contain deep invaginations and Type-A cell nuclei are also occasionally invaginated (Doetsch et al., 1997) . Futhermore, recent studies have shown that murine and human V-SVZ have segmented nuclei connected by an internuclear bridge (GuerreroCázares et all., 2011; Capilla-Gonzalez et al., 2014; Cebrián-Silla et al., 2017) . Although it has been suggested that these are associated with quiescence in aNSCs (Cebrián-Silla et al., 2017) , the functional significance of different nuclear morphologies remains elusive.
In adittion, how neuroblasts acquire the appropriate cell polarity to initiate their migration remains unclear (Ghashghaei et al., 2007) . The process of neuronal polarization has been studied for decades using dissociated rodent embryonic hippocampal pyramidal neurons and postnatal cerebellar granule neurons in culture (Tahirovic and Bradke., 2009; Takano et al., 2015) . During neuronal polarization in vitro, the morphological changes in cultured neurons are divided into different stages.
Upon isolation, dissociated pyramidal neurons retract their processes, so that their development in vitro begins as rounded spheres that spread lamellipodia (stage 1). These spheres appear symmetrical, extending and retracting several immature neurites of a similar length (stage 2).
Elongation of a single process, that which presumably becomes the axon, breaks this symmetry (stage 3). The next step involves the remaining short neurites morphologically developing into dendrites (stage 4) and the functional polarization of axon and dendrites (stage 5), including dendritic spine and synapse formation (Dotti et al., 1988) . Dissociated granule neurons also present a lamellipodia after attaching to the substratum (stage 1). These spheres extend a unipolar process at a single site on the plasma membrane (stage 2) followed by extension of a second process from the opposite side of the cell body, resulting in a bipolar morphology (stage 3). One of the two axon elongates futher and start branching (stage 4), and shorter dendritic processes develop around the cell body (stage 5) (Powell et al., 1997) .
Understanding the sequence of events from aNSCs to neuron is not only important for the basic knowledge of NSCs biology, but also for therapeutic applications (Casarosa et al., 2014) . The major barrier to studying human aNSCs is the inaccessibility of living tissue, therefore an enormous effort has been made in this study to derive neurons from human stem cells (Goldman., 2016) . In vitro models of adult neurogenesis mainly utilize fetal, postnatal and adult NSCs (Azari and Reynolds., 2016) . Neural crest stem cells (NCSCs) are a migratory cell population that generate numerous cell lineages during development, including neurons and glia (BronnerFraser., 1995; Crane and Trainor., 2006) . NCSCs are present not only in the embryonic neural crest, but also in various neural crest-derived tissues in the fetal and even adult organs (Achilleos and Trainor., 2012) . The periodontal ligament is a connective tissue surrounding the tooth root that contains a source of human NCSCs which can be accessed with minimal technical requirements and little inconvenience to the donor. (Liu and Cheung., 2016) .
In previous publication, we showed that several stem cell and neural crest cell markers are expressed in human adult periodontal ligament (hPDL) tissue and hPDL-derived cells. In vitro, hPDL-derived cells differentiate into neural-like cells based on cellular morphology and neural marker expression. In vivo, hPDL-derived cells survive, migrate and expressed neural markers after being grafted to the adult mouse brain. Moreover, some hPDL-derived cells graft into stem cell niches such as V-SVZ of the anterolateral ventricle wall and the SGZ of the dentate gyrus in the hippocampus. The hPDL-derived cells located in the stem cell niches show neural stem morphology (Bueno et al., 2013) . Therefore, the neural crest origin and neural potential make human periodontal ligament stem cells (hPDLSCs) interesting as an in vitro human cell model of neurogenesis for investigating aNSCs to neuron differentiation mechanisms.
Here, we show that hPDLSCs-derived neurons are not directly generated through cell division from stem cells. In fact, the cell shape of neural precursors is reset and start their neuronal development as round spheres. To our knowledge, this article provides the first observation of these morphological events during in vitro neurogenesis and neuron polarization in human aNCSCs, and we have discovered a transient cell nuclei lobulation coincident to in vitro neurogenesis, without being related to cell proliferation. Morphological analysis also reveals that the V-SVZ of the anterolateral ventricle wall and the SGZ of the hippocampal dentate gyrus in the adult mouse brain contains cells with nuclear shapes highly similar to those observed during in vitro neurogenesis from hPDLSCs, suggesting that neuronal differentiation from aNSCs may also occur during in vivo adult mammalian neurogenesis without being related to cell proliferation.
In addition, we demonstrate that hPDLSC-derived neurons and primary neuronal cultures derived from rodent brains show similar polarity formation patterns during neurogenesis, providing strong evidence that it is possible to reproduce neurogenic processes and obtain neurons from hPDLSCs. Thus, hPDLSCs could be used as an in vitro human cell-based model for neurogenesis and neuronal polarization.
Results
As noted in the introduction, the aim of this work was to evaluate the sequence of biological events occurring during the neural differentiation of hPDLSCs. Morphological characteristics of the hPDLSCs, including cell shape, cell surface features, cytoskeleton, and nuclear morphology were examined in cells under proliferation and neural differentiation conditions. hPDLSCs cultured in basal media. Under proliferation conditions, hPDLSCs displayed a fibroblast-like morphology with low-density microvilli on the cell surface ( Figure 1A ) and actin microfilaments and-III tubulin microtubules oriented parallel to the longitudinal axis of the cell ( Figure 1B ). The cytoskeletal protein class III beta-tubulin isotype is widely regarded as a neuronal marker in developmental neurobiology and stem cell research (Flynn., 2013) . Dental and oralderived stem cells displayed spontaneous expression of neural marker -III tubulin, even without having been subjected to neural induction (Foudah et al., 2014) . Western blot analysis verified the expression of -III tubulin in hPDLSCs ( Figure 1C ). Undifferentiated hPDL-derived cells displayed a flattened, ellipsoidal nucleus, often located in the center of the cell and with a nuclear volume around 925´356 ±52´6184 m 3 ( Figure 1D ).
hPDLSCs cultured in neural induction media. After 14 days of neural differentiation conditions, the hPDLSCs displayed different morphologies, including round cells with small phasebright cell bodies and short processes; highly irregulary-shaped cells; and, also, unipolar, bipolar and multipolar-shaped cells with small phase-bright cell bodies and multiple branched processes ( Figure 1E ). In addition, cells of different size were also observed ( Figure 1F ). Futhermore, microscopic analysis revealed that some hPDLSCs have different nuclear shapes, including lobed nuclei connected by an internuclear bridge ( Figure 1G ). The results indicate that the cell culture simultaneously contains hPDLSCs at different stages of neurogenesis and neuronal polatization. We acknowledge that the definitive sequence of in vitro neurogenesis and neuronal polarization from hPDLSCs will be provided only by time-lapse microscopy of a single cell, but in our experimental conditions, several pieces of data suggest how these steps may occur.
In vitro neurogenesis from hPDLSCs. After neural induction, hPDLSCs undergo a dramatic change in shape and size, first adopting highly irregular forms and then gradually contracting into round cells with small phase-bright cell bodies ( Figure 2A ). Cytoskeletal remodeling is observed during the morphological changes that occurred when the hPDLSCs round up to a near-spherical shape. Actin microfilament not longer surround the nucleus and became cortical. Unlike actin, -III tubulin seems to accumulate around the nucleus ( Figure 2B ). Actin microfilament and -III tubulin microtubule network are almost lost in the rounded cells ( Figure 2C ). Scanning electron micrographs show that hPDLSCs also experience dramatic changes in cell surface features.
Under proliferation conditions, hPDLSCs remain very flat, presenting low-density microvilli on their surface, but there is a marked increase in the number of microvilli as the cells round up to near-spherical shape ( Figure 3D ). The surface of the round cells is almost devoid of microvilli ( Figure 3E ).
Neuronal polarization of hPDLSCs-derived neurons. Morphological analysis revealed that
hPDLSCs-derived neurons display a sequence of morphologic development highly similar to those observed in dissociated-cell cultures prepared from rodent brain (Figures 3-5) . hPDLSCsderived neurons also start their development as rounded spheres that initiated neurite outgrowth at a single site on the plasma membrane, first becoming unipolar, stages 1-2 ( Figure 3A) . We did not observe the development of lamellipodia around the circumference of the cell body. These unipolar cells, later transformed into cells containing several short neurites, developed around the cell body, stage 3 ( Figure 3B ). An analysis of the cytoskeletal organization during spherical stages of hPDLSCs-derived neurons showed that the -III microtubules and actin microfilament network is reorganized. Cytoskeletal protein -III tubulin was densely accumulated under the cell membrane of the hPDLSCs-derived neurons cell bodies and in cell neurites ( Figures 3A and 3B) while actin microfilaments were mainly found in cell neurites ( Figure 3C ). We observed that hPDLSCs-derived neurons produce neurites that showed growth cone formations at their tips ( Figure 3C-3D) . The central domain of the growth cone contains -III tubulin microtubules and the peripheral domain is composed of radial F-actin bundles ( Figure 3D ), similar to the typical spatial organization described in neurons (Foster and Smith, 1988; Blanquie and Bradke., 2018) .
Scanning electron micrographs also showed that the growth cone of hPDLSCs-derived neurons contained filopodia and vesicles on the cell surface ( Figure 3E ). These finding are consistent with a previous study reporting that membrane addition and extension in growth cones is mediated by diverse mechanism, including exocytosis of vesicular components (Ros et al., 2015) .
At later stages of differentiation, the hPDLSCs-derived neurons gradually adopted a complex morphology by forming several processes, stage 4 ( Figure 3F ) that grew and arborized, adquiring dendritic-like and axonal-like identities, giving rise to a variety of neuron-like morphologies ( Figure   3G ). The next step, stage 5, in neuronal polarization from rodent neurons in culture is the functional polarization of axon and dendrites, including dendritic spine formation and axon branch formation. Dendritic spines are micron-sized dendrite membrane protrusions (Hering and Sheng., 2001 ). Depending on the relative sizes of the spine head and neck, they can be subdivided into different categories, including filopodium, mushroom, thin, stubby, and branched spines (von Bohlen Und Halbach., 2009). Dendritic spines are actin-rich compartments that protrude from the microtubule-rich dendritic shafts of principal neurons (Merriam et al., 2013) . Based on morphology, complexity, and function, axon branching is grouped into different categories, including arborization, bifurcation, and collateral formation (Gibson and Ma., 2011) .
Our morphological analysis revealed that hPDLSCs-derived neurons developed welldifferentiated axonal-like and dendritic-like domains. These types of processes differ from each other in morphology (Figures 3H-4D ). Cytoskeletal protein -III tubulin and F-actin staining showed that the hPDLSCs-derived neurons comprised multiple branched dendrite-like processes with dendritic spines-like structures ( Figure 3H ). Scanning electron micrographs showed that the hPDLSCs-derived neurons also contained multiple branched dendrite-like processes with variously shaped spine-like protusions, highly similar to filopodium, mushroom, thin, stubby, and branched dendritic spines shapes ( Figure 4A ). Futhermore, hPDLSCs-derived neurons also displayed different types of axonal branch-like structures, including bifurcation ( Figure 4B Figure 1D ). Morphological analysis revealed that nuclear remodeling, including nuclear shape, nuclear volume, and nuclear position within the cell, occurred during in vitro neurogenesis from hPDLSCs ( Figure 6 ). We acknowledge that the definitive sequence of nuclear remodeling when hPDLSCs round up to near-spherical shape will only be provided by time-lapse microscopy, but our accumulated data suggests how these steps may occur. Interestingly, the morphological analysis revealed that the adult rodent V-SVZ of the anterolateral ventricle wall ( Figure 7A ) and the SGZ of the hippocampal dentate gyrus ( Figure 7B ), where adult neurogenesis has been clearly demonstrated, contained abundant cells with nuclear shapes highly similar to those observed during in vitro neurogenesis from hPDLSCs. No lobed nuclei were observed as PDL-derived neurons gradually acquired a more mature neuronal-like morphology ( Figure 8A ). We also found that as the cells round up to a near-spherical shape the nuclear volume of the hPDLSCs decreases to an approximate volume of 279´589±38´8905 m 3 ( Figure 8B ). Mitotic chromosomes were not observed during the described of in vitro neurogenesis processes or neuronal polarization from hPDLSCs (Figures 6 and S1 ).
Discussion
In this study, we show that hPDLSCs-derived neurons are not directly generated through cell division from stem cells. The undifferentiated polygonal and fusiform cell shapes are reset and start their neuronal development as rounded spheres. To our knowledge, this article provides the first observations of these morphological events during in vitro neurogenesis and neuron polarization from human aNCSCs, and we have discovered a transient cell nuclei lobulation coincident to in vitro neurogenesis, without being related to cell proliferation. Morphological 8 analysis also revealed that the adult rodent V-SVZ of the anterolateral ventricle wall, as well as the SGZ of the hippocampal dentate gyrus, where adult neurogenesis has been clearly demonstrated, contains cells with nuclear shapes highly similar to those observed during in vitro neurogenesis from hPDLSCs.
Previous ultrastructure and immunocytochemistry studies also show that the V-SVZ stem cell niche contains cells with different morphologies and irregular nuclei (Doetsch et al., 1997; Doetsch et al., 1999) Capilla-Gonzalez et al., 2014; Cebrián-Silla et al., 2017) . In adittion, previous studies shown irregular shaped BrdU-positive nuclei in the adult SGZ (Kuhn et al., 1996; Urbach et al., 2008) . Adult SGZ NSCs (type 1 cells) have irregular contours of the plasma membrane, and differences in heterochromatin aggregation has been also observed (Seri et al., 2001 ).
It has commonly been assumed that neurogenesis occurs progressively through sequential phases of proliferation (Fuentealba et al., 2012; Bond et al., 2015) . Despite the advantages for the detection of neurogenesis using exogenosus thymidine analog administration or endogenous cell cycle markers, in addition to cell stage and lineage commitment markers, recent findings indicate that some observations interpreted as cell division could be normal DNA turnover or DNA repair (Sohur et al., 2006; Kuhn et al., 2016) . Thymidine analogs such as tritiated thymidine and BrdU may also be incorporated during DNA synthesis that is not related to cell proliferation (Cameron et al., 1993; Palmer et al., 1995) . Proliferating cell nuclear antigen is also invoved in DNA repair (Uberti et al., 2003) . Positivity of the proliferation marker KI-67 in noncycling cells has also been observed (Van Oijen et al.,1998) . In adittion, the self-renewal and multipotent properties demonstrated by NSC in vitro (Reynolds and Weiss., 1992) have not been clearly demonstrated in vivo. (Gabay et al., 2003; Suh et al., 2007; Conti and Cattaneo., 2010; Bond et al., 2015) .
Taken together, these results suggest that the sequence of events from aNSCs to neuron may also occur without being related to cell proliferation. It would therefore be interesting to examine whether SVZ and SGZ intermediate progenitor cells represent different stages of neurogenesis without being related to cell proliferation.
Beyond the central nervous system, the presence of lobed nuclei has been reported in most blood and immune cells, but the functional significance of multilobed nuclear structures is not yet known (Carvalho et al., 2015; Georgopoulos., 2017) . It would also be interesting to examine whether these putative madure cells also represent different stages of haematopoietic stem cell differentiation without being related to cell proliferation.
Futhermore hPDLSCs-derived neurons and dissociated-cell cultures prepared from rodent brains show similar phases in the of polarity formation process, providing strong additional evidence that it is possible to obtain neurons from hPDLSCs, as suggested by their neural-crest origin and stem cell characteristics (Bueno et al., 2013) . Thus, hPDLSCs could be also used as an in vitro human cell-based model for neurogenesis and neuronal polarization (Azari and Reynolds., 2016) .
Alterations in nuclear morphologies are closely associated with a wide range of human diseases, including muscular dystrophy and cancer (Gundersen and Worman., 2013) . Thus, hPDLSCs could facilitate an understanding of the mechanisms regulating nuclear morphology in response to cell shape changes and their functional relevance (Dupin and Etienne-Manneville., 2011; Skinner and Johnson., 2017) . In addition, the easy procedure for obtaining these from adults in normal or pathological condictions, may represent, as we have demonstrated with periodontal ligament cells from children (Jones et al., 2012; Quesada et al., 2015) , a suitable way of developing in vitro cell models of human diseases. These results, together with our previously published data, show that the isolation and neural differentiation of hPDLSCs is a powerful tool in Cell Culture. Human premolars were extracted and collected from normal adult patients undergoing orthodontic therapy in Murcia dental hospital (Spain). hPDL was scraped from the middle third region of the root surface. After washing the extracted PDL with Ca and Mg-free Hank's balance salt solution (HBSS; Gibco), hPDL was digested with 3 mg/ml type I collagenase (Worthington Biochemical Corporation) and 4 mg/ml dispase II (Gibco) in alpha modification minimum essential medium eagle (-MEM) (-MEM; Sigma-Aldrich) for 1 h at 37°C. The reaction was stopped by the addition of -MEM. The dissociated tissue was passed through a 70-µm cell strainer (BD Falcon). Cells were centrifuged, and the pellet was resuspended in in serumcontaining media (designated as the basal media), composed of -MEM supplemented with 15% calf serum (Sigma), 100 units/ml penicillin-streptomycin (Sigma) and 2 mM l-glutamine (Sigma).
The cell suspension was plated into six-well multiwell plates (BD Falcon) and incubated at 37°C in 5% CO2. To induce neural differentiation, cells were cultured in serum-free media (designated as the neural induction media), consisting in Dulbecco's modified Eagle's medium/F12
(DMEM/F12, Gibco) supplemented with bFGF (20 ng/ml, R&D Systems), EGF (20 ng/ml, R&D Systems), glucose (0.8 mg/ml, Sigma), N2-supplement (Gibco), 2 mM l-glutamine (Sigma), and
